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Edited by Barry HalliwellAbstract Stimulation of cells with tumor necrosis factor-a
(TNF-a) results in the increase in generation of H2O2 in
mitochondria that leads to apoptosis. The eﬀect of H2O2
produced by TNF-a on the redox status of selenocysteine
(SeCys) residue essential for mitochondrial thioredoxin reduc-
tase (TrxR2) was investigated in HeLa cells. TNF-a caused
accumulation of oxidized TrxR2 with a thioselenide bond. The
conditional induction of SeCys-deﬁcient TrxR2 resulted in the
increased production of H2O2 and apoptosis. These results
suggest that the SeCys residue of TrxR2 plays a critical role in
cell survival by serving as an electron donor for Trx-II and
subsequent peroxiredoxin-III, which is a primary line of defense
against H2O2 in mitochondria.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Treatment of cells with the cytokine, tumor necrosis factor-a
(TNF-a) induces the increase in intracellular concentration of
reactive oxygen species (ROS) such as H2O2 and O

2 . ROS are
generated at multiple sites within the cells by mitochondria in
various cell lines [1–4]. In addition, ROS generation by
NADPH oxidase in endothelial cells [5] and by 5-lipoxygenase
in rat-2 ﬁbroblasts [6] has been reported. Induction or ex-* Corresponding author. Fax: +82-2-3277-3760.
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doi:10.1016/j.febslet.2004.04.055pression of enzymes that can scavenge ROS such as
mitochondrial manganous superoxide dismutase [7,8],
phospholipid hydroperoxide glutathione peroxidase [9], cata-
lase [10] and peroxiredoxin (Prx) [11] render the cells resistant
to cell death, indicating that ROS are required for the cyto-
toxicity of TNF-a.
Recent evidences indicate that ROS play as second mes-
sengers regulating or participating in the signaling pathway
leading to cell death. ROS-mediated signaling is thought to be
possible by reversible oxidation of thiolate anion of reactive
cysteine (Cys) residues or selenolate anion of selenocysteine
(SeCys) residues in various proteins [12–14]. The redox mod-
iﬁcation of reactive Cys residues of ROS target proteins can be
regulated by cellular redox systems such as thioredoxin (Trx)
system composed of Trx, Trx reductase (TrxR), NADPH;
glutathione system composed of glutathione, glutaredoxin,
glutathione reductase and NADPH [15]. Reduced Trx, which
catalyzes the reduction of disulﬁdes of proteins, exists in dis-
tinct isoforms, cytosolic Trx-I and mitochondrial Trx-II [16].
The decrease in the concentration of reduced Trx-I was pre-
viously suggested to serve as a signal to trigger apoptosis by
derepressing the activity of apoptosis signal-regulating kinase 1
(ASK1) [17,18]. Mitochondrial Trx-II are synthesized with a
mitochondrial leader sequence (MLS) and localized to mito-
chondria. Overexpression of Trx-II renders human cells resis-
tant to oxidant-induced apoptosis [16,19], and the deletion of
Trx-II causes massive apoptosis and early embryonic lethality
in mice [20]. These results show that both Trx-I and Trx-II play
essential roles in cell-survival and protecting cells from ROS
mediated apoptosis.
Oxidized Trx is reduced by NADPH through the catalytic
activity of TrxR [21]. Three isozymes of mammalian TrxR are
localized in cytoplasm (TrxR1), mitochondria (TrxR2) and
microsomes (TGR), respectively [22–24]. TrxRs are homodi-
meric ﬂavoproteins that contain a penultimate SeCys residue
at the COOH-terminus, which is a critical redox center for
enzyme activity [25–28]. The selenol of the SeCys residue is
expected to be ionized to selenolate anion at physiological pH
because the pKa value of the selenol is 5.4 [29]. The selenolate
anion is very susceptible to oxidation by H2O2. Therefore, the
SeCys residue can act as a cellular redox sensor sensing H2O2
produced in cells which are exposed to the ROS-inducingblished by Elsevier B.V. All rights reserved.
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was shown that incorporation of SeCys residue deﬁcient
TrxR1 into human cells rapidly induced cell death [31]. From
these observations, it is expected that the selenolate anion of
SeCys residue of TrxRs is the primary target of ROS produced
by TNF-a and that oxidation of the SeCys residue subse-
quently accelerates ROS mediated apoptosis.
Here, using cytosolic TrxR1 puriﬁed from rat liver, we have
unambiguously shown that the SeCys residue forms a thio-
selenide with an adjacent Cys residue upon oxidation by H2O2.
We have also shown that a signiﬁcant portion of TrxR1 and
TrxR2 accumulated in the oxidized form in HeLa cells when
treated with TNF-a. We also observed that induction of SeCys
residue-deﬁcient TrxR2 dominant negative mutant induced the
increase in intracellular concentration of H2O2 and the in-
crease of cell death in TNF-a treated cells.2. Materials and methods
2.1. Materials
TrxR1 was puriﬁed from rat liver as described [23,32]. Rabbit anti-
sera to TrxR1 and TrxR2 were produced by standard procedures. The
monospecifc anti-TrxR1 antibodies were prepared from the serum with
the use of puriﬁed TrxR1 absorbed to a nitrocellulose membrane, and
anti-TrxR2 antibodies were isolated from the serum by protein G–
agarose column chromatography. Horseradish peroxidase (HRP)-
conjugated antibody to rabbit IgG was obtained from Amersham
Pharmacia and biotin-conjugated iodoacetamide (BIAM) was from
Molecular Probes Inc., Eugene, OR.
2.2. Determination of protein concentration
The concentration of TrxR1 subunit was determined spectrophoto-
metrically with e463 of 11 300 M1 cm1 subunit as described [33].
2.3. Preparation of reduced TrxR (EH4)
Puriﬁed TrxR1 was incubated for 30 min in 1 phosphate-buﬀered
saline (PBS) (pH 7.4) containing 1 mM EDTA and 200 lM NADPH.
The reduced TrxR1 (EH4) was then dialyzed against the same buﬀer
devoid of NADPH in an anaerobic chamber.
2.4. High performance liquid chromatography (HPLC)/mass
spectrometry (LC/Mass)
Electrospray mass spectroscopy was performed on a Hewlett–
Packard model G1946A instrument interfaced to a Hewlett–Packard
model 1100 HPLC system equipped with a Vydac 218TP5205 narrow-
bore C18 column (Vydac, Hesperia, CA). Peptide mixtures were frac-
tionated into both spectrophotometer and mass spectrometer using a
linear gradient (0–60%, v/v) of acetonitrile in 0.1% triﬂuoroacetic acid
at a ﬂow rate of 0.2 ml/min over 60 min. The eﬄuent from the spec-
trophotometric detector was mixed in a T-shaped device with 100 ll/
min acetic acid pumped by another model 1100 pump, and the mixture
was introduced into the mass spectrometer [34]. The capillary voltage
was 4500 V, and the fragmentor was programmed to ramp from 50 V
at 50 mass units (mu), 80 V at 1500 mu, and 140 V at 2500 mu. Data
were collected from 550 to 2000 mu.
2.5. Immunoprecipitation of BIAM-labeled TrxR 1 and TrxR2 in HeLa
cell extracts
HeLa cells, cultured in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, penicillin (100
units/ml), streptomycin (100 units/ml), and 0.5 lM sodium selenite,
were allowed to reach 60–70% conﬂuence in 100-mm dishes. The cells
were deprived of serum for 16 h, and then cultured in DMEM supple-
mented with 1% fetal bovine serum, penicillin (100 units/ml), strepto-
mycin (100 units/ml) and 0.5 M sodium selenite. After treatment with
cycloheximide (5 lg/ml) for 1 h, the cells were stimulated with TNF-a
(25 ng/ml). The cells were rinsed and then exposed to 1ml of oxygen-free
lysis buﬀer [50 mM Bis-Tris–HCl (pH 6.5), 0.5% Triton X-100, 0.5%
deoxycholate, 0.1% SDS, 150 mMNaCl, 1 mMEDTA, leupeptin (1 lg/
ml), aprotinin (1 lg/ml), and 0.1mMAEBSF] containing 20 lMBIAM.As a control, cells that were not stimulated with TNF-a were likewise
lysed and labeled. After incubation for 10 min at 37 C in the dark, the
labeling reaction was stopped by adding IAM to 5 mM. TrxR1 and
TrxR2 in the reaction mixtures were precipitated with the use of rabbit
antibodies to TrxR1 (7 lg per mixture), TrxR2 (10 lg per mixture) and
Protein G–Sepharose (15 ll of 50% slurry per mixture).
2.6. Cell viability assay
KL1 and KL2 stable HeLa cell lines expressing a dominant negative
form of TrxR2 (TrxR2DN) under the control of the tetracyclin-oﬀ
(TO) system were generated as described [35]. HeLa-TO/TrxR2DN
cells were plated at 1 105 cells/well in 6-well culture plates and cul-
tured for 60 h in the presence or absence of 1 lg/ml doxicycline in the
DMEM containing 10% Tet system approved FBS, 1% penicillin, and
1% streptomycin. The cells were deprived of serum for 16 h, and then
cultured in DMEM supplemented with 1% fetal bovine serum, peni-
cillin (100 units/ml), streptomycin (100 units/ml) and 0.5 lM sodium
selenite. After treatment with cycloheximide (5 lg/ml) for 1 h, the cells
were stimulated with TNF-a (25 ng/ml). After incubation for 8 h, cell
viability was determined by ﬂow cytometric analysis with propidium
iodide as described [36].
2.7. Detection of intracellular H2O2 by ﬂow cytometric analysis
Intracellular levels of H2O2 were analyzed by ﬂow cytometry using
dihydrorhodamine 123 (Molecular Probes, Eugene, OR) as a speciﬁc
ﬂuorescent dye probe [37,38]. Dihydrorhodamine 123 is oxidized to
membrane-impermeable, ﬂuorescent rhodamine 123 in the presence of
H2O2.
After serum deprivation, TrxR2DN-induced or -uninduced HeLa
cells were incubated in DMEM containing 10 lM dihydrorhodamine
123 for 30 min and washed two times with DMEM. Cells were treated
with 10 ng/ml TNF-a for 30 min followed by 2 lg/ml catalase to re-
move the extracellular H2O2. After harvesting by trypsin–EDTA
treatment, cells were ﬁxed in 1% paraformaldehyde. The intracellular
rhodamine 123 ﬂuorescence intensity of 10 000 cells was measured for
each sample using a Becton–Dickinson FACS Caliber ﬂow cytometer.
2.8. Cytoplasmic DNA preparation
TNF-a, UV or etoposide treated cells were harvested and lysed in
200 ll of DNA isolation buﬀer (5 mM Tris–HCl, pH 7.4, 20 mM
EDTA, 0.5% Triton X-100 and 1 mM PMSF). After centrifugation at
12 000 g for 20 min at 4 C, the supernatants were transferred to new
tubes. Protein concentration was measured using a BCA protein assay
kit. Solutions containing equal amount of proteins were extracted with
equal volumes of tris-saturated phenol, phenol/chloroform and chlo-
roform, and then DNAs were precipitated with the equal volume of
isopropanol. Precipitated DNAs were dissolved in 10 ll TE (10 mM
Tris–HCl, pH 8.0 and 1 mM EDTA) containing RNAse (1 mg/ml) and
separated in a 2% agarose gel containing ethidium bromide.3. Results
3.1. Selective alkylation and identiﬁcation of SeCys as a redox
sensitive site
Cytosolic TrxR (also called TrxR1 to distinguish it from the
mitochondrial TrxR2 and microsomal TGR) puriﬁed from rat
liver was treated with excess amounts of NADPH and then
dialyzed in an anaerobic chamber to remove NADPH. As
reported previously, the NADPH-reduced enzyme exhibited a
long wavelength absorbance band at 540 nm that is attribut-
able to the charge transfer complex between FAD and the
thiolate anion of Cys64S [33]. Upon incubation with H2O2;
the absorbance at 540 nm decreased in a time dependent
manner. Furthermore, the absorbance at 540 nm reappeared
when NADPH was added to the H2O2-oxidized enzyme. As
shown below, the NADPH-reduced enzyme contains the
FAD-thiolate charge transfer complex, the reduced active site
Cys pair of Cys59SH and Cys64SH, and the reduced COOH-
terminal pair of Cys497SH and SeCys498SeH. Thus, the
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SeH), or EH4. Likewise, the fully reduced enzyme is denoted as
E(FADH2)(SH)2(SH–SeH), or EH6; and the fully oxidized
enzyme is denoted as E(FAD)(S2)(S–Se), or E0. Previously, we
have shown that the SeCys residue of TrxR2 can be alkylated
selectively with a BIAM [23]. BIAM also speciﬁcally modiﬁes
the SeCys residue in the reduced TrxR1 at pH 7.4 as described
[25]. The selective BIAM labeling procedure was used as a
probe to monitor the oxidation state of SeCys in TrxR. EH4
was oxidized with H2O2 (E–H2O2) and then reduced with
NADPH (E–H2O2–NADPH). The resulting enzymes were
then labeled with BIAM, separated by SDS–polyacrylamide
gel electrophoresis (PAGE), transferred to nitrocellulose
membrane, and detected by streptavidin blot with HRP-con-
jugated streptavidin and ECL. Control EH4 was labeled
strongly, whereas no biotinylation was detectable with E–
H2O2. Importantly, the labeling intensities of E–H2O2–
NADPH were similar to that of control EH4 (Fig. 1). These
results suggest that the SeCys residue in the H2O2-treated
enzyme could not be labeled because it was oxidized and that
the residue could be labeled again when reduced by NADPH.
3.2. Identiﬁcation of a thioselenide in oxidized TrxR1
To characterize the chemical nature of the oxidized SeCys
residue, E–H2O2 and E–H2O2–NADPH were prepared from
EH4 as described in Fig. 1. The resulting enzymes were then
labeled with BIAM followed by IAM and cleaved with Lys-C,
and ﬁnally, the digested peptide mixtures were analyzed by
LC/MS. The total ion chromatogram included peaks with a
mass of 1297.3 Da (retention time, 20.5 min) and of 1682.3 Da
(20.9 min), which are essentially identical, respectively, to the
1297.3 Da expected for the COOH-terminal fragment
R487SGGDILQSGCUG499 containing Cys497 and SeCys498
(denoted by one-letter codon ‘‘U’’) bridged by a thioselenide
bond (S–Se peptide), and to the 1682.4 Da expected for theFig. 1. Eﬀect of exposure of NADPH-reduced TrxR1 to H2O2 on la-
beling with BIAM. Puriﬁed rat liver TrxR1 was reduced by NADPH
and then dialyzed to remove NADPH and NADPþ in an anaerobic
chamber. The reduced TrxR1 was incubated for 10 min at room
temperature with 200 lM H2O2 to produce H2O2-oxidized enzyme.
The oxidation reaction by H2O2 was stopped by the addition of 1 lg of
catalase (65 units/lg). One half of the oxidized enzyme sample was
incubated for 20 min at room temperature with 250 lM NADPH to
produce H2O2–NADPH-reduced enzyme. An aliquot (5 lg) of each
sample was incubated for 10 min with 50 lM BIAM. The labeling
reaction with BIAM was stopped by the addition of 10 mM IAM. The
samples were subjected to SDS–PAGE on a 10% gel and then trans-
ferred to a nitrocellulose membrane. The biotinyl carboxamidomethyl
[(B)CAM] labeled proteins were detected by streptavidin blotting with
HRP-conjugated streptavidin and enhanced chemiluminence detec-
tion. Equal application of protein among gel lanes was conﬁrmed by
immunoblot analysis with antibodies to TrxR1.same COOH-terminal fragment containing IAM-Cys497 and
BIAM-SeCys498 (SIAM/SeBIAM peptide) (Fig. 2A). Edman
degradation of the 20.5-min peptide yielded a complete se-
quence of RSGGDILQSG. Together with the mass data, the
sequencing result conclusively proves that the 20.5-min peptide
is indeed the S–Se peptide. As described in the previous sec-
tion, the 20.9-min peptide was further puriﬁed on a Neutra-
vidin aﬃnity column and sequenced to conﬁrm its identity as
the SIAM/SeBIAM peptide. The total ion chromatograms also
included peaks of 3128.8 Da (retention time, 37.0 min) and
3244.9 Da (36.0 min), which are identical, respectively, to the
mass predicted for the Lys-C fragment of residues 38–67,
V38MVLDFVTPTPLGTRWGLGGTCVNVGCIPK67, which
contain Cys59 and Cys64 bridged by a disulﬁde (S–S peptide),
and to that predicted for the same 30-residue fragment con-
taining IAM-Cys59 and IAM-Cys64 (SIAM/SIAM peptide)
(Fig. 2B). Edman degradation of the 36-min peptide yielded a
complete sequence of V38MVLDFVTPTPLGTRWGLGGT-
CVNVGCIPK67. Sequencing of the 37.0-min peptide yielded
an 18 residue sequence of VMVLDFVTPTPLGTRWGL.
The mass chromatograms of the S–Se peptide and the
SIAM/SeBIAM peptide are shown in Fig. 2A, and those for
the S–S peptide and the SIAM/SIAM peptide are shown in
Fig. 2B. Peaks for the S–Se and S–S peptides were observed
with oxidized enzymes, E–H2O2, whereas peaks for the SIAM/
SeBIAM and SIAM/SIAM peptides were observed with
NADPH-treated enzymes, E–H2O2–NADPH. These results
suggest that upon oxidation with H2O2, the Cys
59 and Cys64
pair and the COOH-terminal Cys497 and SeCys498 pair form a
disulﬁde and a thioselenide linkage, respectively, and that both
of these linkages are readily reduced by NADPH.
To more accurately evaluate the ratio of oxidized to reduced
Se-containing peptide, we assayed for Se by atomic absorption
spectrometry in Lys-C fragments after separation by HPLC.
Because the S–Se and SIAM/SeBIAM peptides were not well
separated by HPLC, we labeled E–H2O2 and E–H2O2–
NADPH directly with IAM, omitting the BIAM step before
digestion with Lys-C, and analyzed with LC/MS. As expected,
the S–Se peptide came out as a peak eluted at 20.5 min with a
mass value of 1297.4, whereas no Se-containing peak was de-
tected at 20.9 min (Fig. 2C). Instead, another Se-containing
peak eluted at 17.5 min, which was identiﬁed as a COOH-
terminal fragment containing IAM-Cys and IAM-SeCys
(SIAM/SeIAM peptide) based on amino acid sequencing and
mass analysis (observed mass, 1413.8; calculated mass, 1413.4)
results. Furthermore, when the 20.5-min peptide was treated
with dithiothreitol (DTT), labeled with IAM, and then sub-
jected to HPLC analysis, the 20.5-min peak was completely
converted to the 17.5-min peak (Fig. 2D). These results further
support the notion that the 20.5-min peak represents the S–Se
peptide and that the 17.5-min peak represents the SIAM/Se-
IAM peptide. Importantly, the 17.5- and 20.5-min fractions
are the only fractions containing a detectable amount of Se.
3.3. TNF-a-induced oxidation of TrxR 1 and TrxR2 in HeLa
cells
A variety of stress signals including TNF-a, Fas ligand, UV
light, heat shock, and serum withdrawal induce apoptosis, with
ROS serving as known mediators of the death signaling
[12,14]. A characteristic of oxidatively stressed, apoptosing
cells is a decrease in cellular reductants, including Trx(SH)2.
Recently, the decrease in the concentration of Trx(SH)2 was
Fig. 2. Identiﬁcation of the Cys497/SeCys498 thioselenide and the Cys59 and Cys64 disulﬁde in the H2O2-oxidized TrxR1 and H2O2–NADPH-reduced
TrxR1. A and B, H2O2-oxidized and H2O2–NADPH-reduced enzyme samples were prepared from reduced enzyme as described in Fig. 1. The
resulting enzymes (10 lg) were labeled with 50 lM BIAM for 20 min in oxygen-free PBS buﬀer (pH 7.2) containing 1 mM EDTA and then with 1
mM IAM for 1 min in 50 mM Tris–HCl buﬀer (pH 8.8) containing 6 M guanidine–HCl. After adjustment to pH 5.2 by the addition of 3 M sodium
acetate buﬀer, the enzyme samples were dialyzed for 4 h against 10 mM sodium acetate buﬀer (pH 5.2) and then for 2 h against 20 mM Tris–HCl
buﬀer (pH 8.0). The dialyzed samples were added to 10% acetonitrile (vol/vol) and then incubated with endoproteinase Lys-C at 37 C. The resulting
peptide mixtures were analyzed by HPLC-MS. (A) Extracted ion chromatograms for m=z ¼ 649:6 (1297.3 mu) of the Cys497/SeCys498 thioselenide-
containing peptide (left) and for m=z ¼ 842:2 (1682.3 mu) of the CAM-Cys497/(B)CAM-SeCys498-containing peptide (right). (B) Extracted ion
chromatograms for m=z ¼ 1043:9 (3128.8 mu) of the Cys59/Cys64 disulﬁde-containing peptide (left) and for m=z ¼ 1082:6 (3244.9 mu) of the CAM-
Cys59/CAM-Cys64-containing peptide (right). (C) Lys-C peptides were fractionated by HPLC on a C18 column as in panel A and fractions (0.2 ml per
fraction) were collected manually. Each fraction was analyzed for Se with a Perkin–Elmer model 4100 ZL atomic absorption spectrometer as de-
scribed [25]. (D) The 20.5-min peptide was reinjected to the same HPLC column (upper panel) with or without treatment with DTT followed by
labeling with IAM (lower panel).
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pressing the activity of apoptosis signal-regulating kinase 1
(ASK1). This was based on the observation that Trx(SH)2, but
not Trx(S)2, is a potent inhibitor of ASK1. Activation of
ASK1 and the subsequent activation of the JNK and p38
MAP kinase pathways are required for TNF-a induced ap-
optosis [17,18]. As such, a compromised conversion of Trx(S)2
to Trx(SH)2 due to the accumulation of oxidized TrxR can be
a cause of apoptosis. We investigated whether ROS generated
by TNF-a are suﬃcient to cause the accumulation of oxidized
TrxR1 and TrxR2. HeLa cells were pretreated with cyclo-
hexamide, a protein synthesis inhibitor, and then incubated for
various times with TNF-a. The cells were lysed in the buﬀer
containing BIAM at pH 6.5. TrxR1 and TrxR2 were precipi-
tated from the cell lysate with antibodies speciﬁc to TrxR1 and
TrxR2 and then subjected to streptavidin blot analysis as in
Fig. 1. BIAM-labeled TrxR1 decreased with time of incubation
of the cells with TNF-a. The extent of the decrease in the la-
beling intensity after stimulation of cells for 10 min, 30 min, 1
h, 6 h and 12 h was 3%, 2%, 10%, 39%, and 40%, respectively
(Fig. 3A). BIAM-labeled TrxR2 more rapidly decreased withtime of incubation of the cells with TNF-a compared to
BIAM-labeled TrxR1. The extent of the decrease in the la-
beling intensity of TrxR2 was 12%, 19%, 27%, 50%, and 72%,
respectively (Fig. 4A). The oxidation of TrxR1 and TrxR2 was
reversible, as TrxR1 and TrxR2 derived from TNF-a-treated
cells can be fully labeled by BIAM after incubation of the cell
lysates with NADPH (Figs. 3B and 4B).
3.4. Eﬀect of TrxR2DN expression on the intracellular
concentration of H2O2 in TNF-a-stimulated cells
Stimulation of HeLa cells with TNF-a results in a transient
increase in the intracellular concentration of H2O2 generated
from mitochondria. Mitochondrial Prx-III and mitochondrial
glutathione peroxidase (mGPx) are responsible for removing
of H2O2. Prx-III and mGPx can be provided of necessary
electrons from NADPH through mitochondrial TrxR2.
Therefore, the oxidation of TrxR2 by H2O2 might enhance the
accumulation of H2O2 within the cells when treated with
TNF-a. We investigated the eﬀect of oxidation of TrxR2 on
the production of H2O2 by expressing a dominant negative
form of TrxR2 that has the C-terminal SeCys and Gly residues
Fig. 4. TNF-a induced oxidation of TrxR2 in HeLa cells. (A) TNF-a
induced oxidation of TrxR2. HeLa cells were incubated with or
without treatment with TNF-a (20 ng/ml) for the indicated times. The
cells were lysed in a buﬀer containing 20 lM BIAM. The lysates were
incubated for 20 min and then treated with 1 mM IAM. (B) Reduction
of oxidized TrxR2 by NADPH. Two sets of cells were treated with
TNF-a (20 ng/ml) for the indicated times. One set of cells treated with
TNF-a was lysed in a buﬀer containing 20 lM BIAM. The lysate was
incubated for 20 min and then treated with 1 mM IAM. The other set
of cells treated with TNF-a was lysed in a buﬀer containing 200 lM
NADPH. The lysate was incubated for 10 min and then incubated with
20 lMBIAM for 20 min and then treated with 1 mM IAM. TrxR2 was
precipitated from the cell lysate with polyclonal antibodies and sub-
jected to SDS–PAGE on a 10% gel. The separated proteins were
transferred to a nitrocellulose membrane. The menbrane was subjected
to blot analysis with HRP-conjugated streptavidin (upper panel) or
with antibodies to TrxR2 (lower panel). Representative data from
three independent experiments are shown.
Fig. 3. TNF-a induced oxidation of TrxR1 in HeLa cells. (A) TNF-a
induced oxidation of TrxR1. HeLa cells were incubated with or
without treatment with TNF-a (20 ng/ml) for the indicated times. The
cells were lysed in a buﬀer containing 20 lM BIAM. The lysates were
incubated for 20 min and then treated with 1 mM IAM. (B) Reduction
of oxidized TrxR1 by NADPH. Two sets of cells were treated with
TNF-a (20 ng/ml) for the indicated times. One set of cells treated with
TNF-a was lysed in a buﬀer containing 20 lM BIAM. The lysate was
incubated for 20 min and then treated with 1 mM IAM. The other set
of cells treated with TNF-a was lysed in a buﬀer containing 200 lM
NADPH. The lysate was incubated for 10 min and then incubated with
20 lMBIAM for 20 min and then treated with 1 mM IAM. TrxR1 was
precipitated from the cell lysate with polyclonal antibodies and sub-
jected to SDS–PAGE on a 10% gel. The separated proteins were
transferred to a nitrocellulose membrane. The menbrane was subjected
to blot analysis with HRP-conjugated streptavidin (upper panel) or
with antibodies to TrxR1 (lower panel). Representative data from
three independent experiments are shown.
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H2O2 level using an oxidation-sensitive ﬂuorescence probe
dihydrorhodamine 123 and ﬂow cytometry. As shown in
Fig. 5A, exposure of both TrxR2DN-induced and -uninduced
cells to TNF-a resulted in an increase in relative ﬂuorescent
intensity. The relative ﬂuorescent intensity of induced cells was
signiﬁcantly higher than that of uninduced cells (P < 0:01,
Fig. 5B). These results suggest that the interference of TrxR2
function by the expression of TrxR2DN might cause accu-
mulation of H2O2 by compromising the activity of the mito-
chondrial Trx2-dependent peroxidase Prx-III.
3.5. Eﬀect of TrxR2DN induction on apoptosis
Recently, it was shown that introduction of the SeCys-deﬁ-
cient inactive TrxR1 into A549 human lung carcinoma cells
induces rapid cell death [31]. To determine whether or not the
TrxR2DN induction also aﬀects cell death, TrxR2DN-induced
and -uninduced cells were treated with TNF-a, etoposide, or
UV irradiation and then cytoplasmic DNA fragmentation was
examined. TrxR2DN-induced cells showed a higher degree of
cytoplasmic DNA fragmentation by treatment of TNF-a,
etoposide, and UV irradiation compared to the uninduced cells
(Fig. 6). After incubation of TrxR2DN-induced or -uninduced
cells with TNF-a, cell death was also monitored by FACS
analysis. As expected, the induction of TrxR2DN increased
TNF-a-induced cell death (Fig. 7).4. Discussion
In this study, we have provided evidence that upon
oxidation with H2O2, NADPH-reduced TrxR1 [termed
E(FAD)(SH)2(SH–SeH or EH4)] forms a thioselenide linkage
between the COOH-terminal Cys497 and SeCys498 pair, in ad-
dition to the disulﬁde between the Cys59 and Cys64 pair. The
evidences include mass spectral analysis of the COOH-termi-
nal S–Se peptide containing the thioselenide between Cys497
and SeCys498, the amino acid sequence of the S–Se peptide,
and conversion of the S–Se peptide to a peptide containing
Cys–SH and SeCys–SeH by DTT. We have also demonstrated
the reversible oxidation of the SeCys residue in vitro and in
vivo using selective labeling sagent, BIAM as a probe (see
Fig. 8).
A growing body of evidence indicates that redox state of
cellular thiols modulates various aspects of cellular function,
including proliferation and cell death [12,14]. Treatment of
HeLa cells with TNF-a induces production of ROS, which are
believed to mediate cell death when new protein synthesis is
inhibited. Typical apoptotic signs such as chromatin conden-
sation and membrane blebbing are obvious 12 h after
treatment of HeLa cells with TNF-a in the presence of cy-
cloheximide. One of the consequences of enhanced oxidative
Fig. 5. Intracellular H2O2 in TrxR2DN-induced and -uninduced cells
treated with TNF-a. KL1 HeLa-TO/TrxR2DN cells were incubated in
the presence (+) or absence ()) of tetracycline (1 lg/ml) for 3 days and
then starved for 2 days in serum. TrxR2DN-induced or -uninduced
and serum-deprived HeLa cells were incubated in DMEM containing
10 lM dihydrorhodamine 123 for 30 min and washed two times with
DMEM. Cells were treated with 10 ng/ml TNF-a for 30 min followed
by 2 lg/ml catalase to remove the extracellular H2O2. After harvesting
by trypsin-EDTA treatment, cells were ﬁxed in 1% paraformaldehyde.
The intracellular rhodamine 123 ﬂuorescence intensity of 10 000 cells
was measured for each sample using a Becton–Dickinson FACS Cal-
iber ﬂow cytometer. (A) The intracellular rhodamine 123 ﬂuorescence
intensity in cells; representative data from duplicates of two indepen-
dent experiments using two diﬀerent cell clones. (B) Mean ﬂuorescence
of the cells. Values are means S.D. of duplicates of two independent
experiments using two diﬀerent cell clones. Statistic analysis (students
t-test, **P < 0:01)
Fig. 6. Eﬀect of TrxR2DN induction on cytoplasmic DNA fragmen-
tation. (A) TrxR2DN-induced and -uninduced KL1 (A) and KL2 (B)
cells were starved for 24 h and then treated with UV irradiation (3000
lJ/cm2), 4 ng/ml TNF-a and 10 lg/ml cycloheximide, or 25 lM eto-
poside. Cells were harvested at the indicated times, cytoplasmic DNAs
were prepared and analyzed by agarose gel electrophoresis. M, 100 bp
ladder. Tetracycline-repressible TrxR2DN induction was conﬁrmed by
immunoblot analysis with a TrxR2 antibody. TrxR2DN induction and
equal loading of proteins were analyzed with TrxR2 and GAPDH
antibodies. Representative data from three independent experiments
are shown.
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mulation of TrxS2, which is directly linked to the activation of
ASK1 [17,18], indicating that the shift in redox balance of Trx
to TrxS2 in TNF-a-treated cells may be attributed to ineﬃcient
TrxR.
Mammalian TrxR exhibits a broad substrate speciﬁcity,
reducing not only TrxS2 but also many other disulﬁde-con-
taining proteins as well as smaller compounds like 5,50-dithi-
obis(2-nitro benzoic acid) and lipoic acid in the presence of
NADPH [39]. The COOH-terminal region of reduced TrxR
appears to be well exposed to solution as it can be readily
cleaved by proteases and modiﬁed by various sulfhydryl re-
agents [22,25,40,41]. Based on these observations, it was
speculated that the Cys–SH/SeCys–SeH pair is the primary site
of oxidation by H2O2 in the cells. We have shown that the
essential SeCys residue of cytosol TrxR1 as well as mito-
chondrial TrxR2 was apparently oxidized by H2O2 generated
by TNF-a in HeLa cells.
The oxidation of the SeCys residue might result in inhibition
of various antioxidant and anti-apoptotic functions of TrxRs
that are required for directly removing H2O2 and lipid per-oxides [42] and indirectly through Trx peroxidase [43] and
glutathione peroxidase [44], reducing disulﬁde bonds in a va-
riety of proteins and transcription factors [45–47], inhibiting
ASK cascade through reduced Trx [17,18], activating antia-
poptotic activity of NF-jB through Trx [48], and regulating
opening of mitochondrial permeability transition pore [49]. In
addition, oxidation of the SeCys residue can change the en-
zymatic property of TrxR as modiﬁcation of the Cys497 and
SeCys498 residues with an alkylating agent, dinitrohaloben-
zene, induces NADPH oxidase activity which produces su-
peroxide anion in the presence of NADPH [50]. Therefore, the
negative regulation of TrxRs by H2O2 would culminate in the
shifting of the balance between ROS generation and detoxiﬁ-
cation to the oxidative stress and ﬁnally in the acceleration of
apoptosis (Fig. 8).
Oxidized TrxR1 might act as a death-inducing factor based
on the recent report that introduction of the SeCys residue-
deﬁcient or SeCys residue-compromised TrxR1 into cells in-
duces rapid cell death [31]. In this study, conditional induction
of the SeCys residue-deﬁcient TrxR2 dominant negative mu-
tant induced the increase in the intracellular concentration of
H2O2 and subsequent cell death following TNF-a treatment.
This result indicates that a signiﬁcant accumulation of oxidized
TrxR2 accelerates the TNF-a-induced apoptosis. The mito-
chondria are the major sources of intracellular superoxide
anions, which are readily converted to H2O2 by the action of
MnSOD when treated with TNF-a [7,8]. Mitochondrial Prx-
III and glutathione peroxidase might be primarily responsibe
for removing H2O2. TNF-a-induced oxidation of TrxR2 is
likely to inhibit the peroxidase activity of Prx-III by blocking
the transfer of electrons from NADPH to Prx-III through Trx-
II, which culminates in increases of H2O2.
Recently, it was reported that the sulfenic acid of active site
Cys residue in the oxidized Prx-III is subsequently further
oxidized to sulﬁnic acid by H2O2 in the cells when treated with
TNF-a [51–53]. It appears then that tardy reduction of Trx-II
and Prx-III by oxidation of TrxR2 results in the accumulation
Fig. 7. Eﬀect of TrxR2DN induction on TNF-a-induced cell death. TrxR2DN-induced and -uninduced KL1 (A) and KL2 (B) cells were incubated
for 8 h with TNF-a (25 ng/ml). The cells were harvested, stained with propidium iodide and then analyzed with a ﬂowcytometer. TrxR2DN induction
and equal loading of proteins were conﬁrmed by western blot analysis with TrxR2 and actin antibodies. Values are mean S.D. of triplicates of two
independent experiments.
Fig. 8. Roles of reversible oxidation of TrxR by H2O2 and NADPH in
ROS-mediated apoptosis.
J.-R. Kim et al. / FEBS Letters 567 (2004) 189–196 195of H2O2 and subsequently increases cell death. Consistently,
deletion of the mitochondrial TrxR and Trx induces suscep-
tibility to H2O2-induced cell death in S. cerevisiae [54]. These
results suggest that TrxR2 together with Trx-II and Prx-III
play a critical role in cell survival by serving as a primary
defense line against H2O2 produced in mitochondria.
Acknowledgements: We thank Sue Goo Rhee for encouragement and
discussion (NIH, USA), Rodney L. Levine (NIH, USA) for LC-Mass
analysis and Jaesang Kim (Ewha Womans University, Korea) for
reading the manuscript. This work was supported by Korea Research
Foundation Grant (KRF-2003-041-C20173). S.-M. Lee and S.-H. Cho
were partly supported by Korea Science and Engineering Foundation
(KOSEF) through the Center for Cell Signaling Research at Ewha
Womans University. J.-H. Kim was supported by KISTEP (IMT 2000-
CS-2).References
[1] Schulze-Osthoﬀ, K., Beyaert, R., Vandevoorde, V., Haegeman, G.
and Fiers, W. (1993) EMBO J. 12, 3095–3104.
[2] Goossens, V., Grooten, J., De Vos, K. and Fiers, W. (1995) Proc.
Natl. Acad. Sci. 92, 8115–8119.[3] Cai, J. and Jones, D.P. (1998) J. Biol. Chem. 273, 11401–11404.
[4] D€ussmann, H., K€ogel, D., Rehm, M. and Prehn, J.H.M. (2003) J.
Biol. Chem. 278, 12645–12649.
[5] Xu, Y.C., Wu, R.F., Gu, Y., Yang, Y.-S., Yang, M.-C.,
Nwariaku, F.E. and Terada, L.S. (2002) J. Biol. Chem. 277,
28051–28057.
[6] Woo, C.-H., Eom, Y.-W., Yoo, M.-H., You, H.-J., Han, H.J.,
Song, W.K., Yoo, Y.J., Chun, J.-S. and Kim, J.-H. (2000) J. Biol.
Chem. 275, 32357–32362.
[7] Wong, G.H.W. and Goeddel, D.V. (1988) Science 242, 941–944.
[8] Wong, G.H.W., Elwell, J.H., Oberley, L.W. and Goeddel, D.V.
(1989) Cell 58, 923–931.
[9] Arai, M., Imai, H., Koumura, T., Yoshida, M., Emoto, K.,
Umeda, M., Chiba, N. and Nakagawa, Y. (1999) J. Biol. Chem.
274, 4924–4933.
[10] Bai, J., Rodriguez, A.M., Melendez, J.A. and Cederbaum, A.I.
(1999) J. Biol. Chem. 274, 26217–26224.
[11] Kang, S.W., Chae, H.Z., Seo, M.S., Kim, K., Baines, I.C. and
Rhee, S.G. (1998) J. Biol. Chem. 273, 6297–6302.
[12] Rhee, S.G., Bae, Y.S., Lee, S.-R. and Kwon, J. (2000) Sci. STKE
(http://www.stke.org/cgi/contentfull/OC_sigtrans;2000/53/pe1).
[13] Kim, J.-R., Kwon, K.-S., Yoon, H.W., Lee, S.-R. and Rhee, S.G.
(2002) Arch. Biochem. Biophys. 397, 414–423.
[14] Finkel, T. (2003) Curr. Opin. Cell Biol. 15, 247–254.
[15] Holmgren, A. (1989) J. Biol. Chem. 264, 13963–13966.
[16] Damdimopoulos, A.E., Miranda-Vizuete, A., Pelto-Huikko, M.,
Gustafsson, J.-A. and Spyrou, G. (2002) J. Biol. Chem. 277,
33249–33257.
[17] Saitoh, M., Nishitoh, H., Fujii, M., Takeda, K., Tobiume, K.,
Sawada, Y., Kawabata, M., Miyazono, K. and Ichijo, H. (1998)
EMBO J. 17, 2596–2606.
[18] Liu, H., Nishitoh, H., Ichijo, H. and Kyriakis, J.M. (2000) Mol.
Cell. Biol. 20, 2198–2208.
[19] Chen, Y., Cai, J., Murphy, T.J. and Jones, D.P. (2002) J. Biol.
Chem. 277, 33242–33248.
[20] Nonn, L., Williams, R.R., Erickson, R.P. and Powis, G. (2003)
Mol. Cell. Biol. 23, 916–922.
[21] Stadtman, T.C. (2002) Annu. Rev. Biochem. 71, 1–16.
[22] Gasdaska, P.Y., Gasdaska, J.R., Cochran, S. and Powis, G.
(1995) FEBS Lett. 373, 5–9.
[23] Lee, S.-R., Kwon, K.-S., Kim, S.-R. and Rhee, S.G. (1998) J. Biol.
Chem. 273, 15366–15372.
[24] Sun, Q.-A., Kirnarsky, L., Sherman, S. and Gladyshev, V.N.
(2001) Proc. Natl. Acad. Sci. 98, 3673–3678.
[25] Lee, S.-R., Bar-Noy, S., Kwon, J., Levine, R.L., Stadtman, T.C.
and Rhee, S.G. (2000) Proc. Natl. Acad. Sci. 97, 2521–2526.
[26] Zhong, L. and Holmgren, A. (2000) J. Biol. Chem. 275, 18121–
18128.
196 J.-R. Kim et al. / FEBS Letters 567 (2004) 189–196[27] Zhong, L., Arner, E.S.J. and Holmgren, A. (2000) Proc. Natl.
Acad. Sci. 97, 5854–5859.
[28] Sandalova, T., Zhong, L., Lindqvist, Y., Holmgren, A. and
Schneider, G. (2001) Proc. Natl. Acad. Sci. 98, 9533–9538.
[29] Singh, R. and Whitesides, M. (1991) J. Org. Chem. 56, 6931–6933.
[30] Sun, Q.-A., Wu, Y., Zappacosta, F., Jeang, K.-T., Lee, B.J.,
Hatﬁeld, D.L. and Gladyshev, V.N. (1999) J. Biol. Chem. 274,
24522–24530.
[31] Anestal, K. and Arner, E.S.J. (2003) J. Biol. Chem. 278, 15966–
15972.
[32] Luthman, M. and Holmgren, A. (1982) Biochemistry 21, 6628–
6633.
[33] Arscott, L.D., Gromer, S., Schirmer, R.H., Becker, K. and
Williams Jr., C.H. (1997) Proc. Natl. Acad. Sci. 94, 3621–3626.
[34] Apﬀel, A., Fischer, S., Goldberg, G., Goodley, P.C. and Kuhl-
mann, F.E. (1995) J. Chromatogr. A 712, 177–190.
[35] Kim, M.-R., Chang, H.-S., Kim, B.-H., Kim, S., Baek, S.-H.,
Kim, J.H., Lee, S.-R. and Kim, J.-R. (2003) Biochem. Biophys.
Res. Commun. 304, 119–124.
[36] Furuya, T., Kamada, T., Murakami, T., Kurose, A. and Sasaki,
K. (1997) Cytometry 29, 173–177.
[37] Royall, J.A. and Ischiropoulos, H. (1993) Arch. Biochem.
Biophys. 302, 348–355.
[38] Chen, Q., Olashaw, N. and Wu, J. (1995) J. Biol. Chem. 270,
28499–28502.
[39] Arner, E.S.J., Nordberg, J. and Holmgren, A. (1996) Biochem.
Biophys. Res. Commun. 225, 268–274.
[40] Gromer, S., Wissing, J., Behne, D., Ashman, K., Schirmer, R.H.,
Flohe, L. and Becker, K. (1998) Biochem. J. 332, 591–592.[41] Gorlatov, S.N. and Stadtman, T.C. (1998) Proc. Natl. Acad. Sci.
95, 8520–8525.
[42] Bj€ornstedt, M., Hamberg, M., Kumar, S., Xue, J. and Holmgren,
A. (1995) J. Biol. Chem. 270, 11761–11764.
[43] Rhee, S.G., Kang, S.W., Netto, L.E., Seo, M.S. and Stadtman,
E.R. (1999) Biofactors 10, 207–209.
[44] Bj€ornstedt, M., Xue, J., Wenhu, H., Akesson, B. and Holmgren,
A. (1994) J. Biol. Chem. 269, 29382–29384.
[45] Holmgren, A. (1985) Annu. Rev. Biochem. 54, 237–271.
[46] Nakamura, H., Nakamura, K. and Yodoi, J. (1997) Annu. Rev.
Immunol. 15, 351–369.
[47] Aslund, F. and Beckwith, J. (1999) Cell 96, 751–753.
[48] Daniel, J., Antwerp, V., Martin, S.J., Kafri, T., Green, D.R. and
Verma, I.M. (1996) Science 274, 787–789.
[49] Rigobello, M.P., Callegaro, M.T., Barzon, E., Benetti, M. and
Bindoli, A. (1998) Free Radic. Biol. Med. 24, 370–376.
[50] Nordberg, J., Zhong, L., Holmgren, A. and Arner, E.S.J. (1998) J.
Biol. Chem. 273, 10835–10842.
[51] Rabilloud, T., Heller, M., Casnier, F., Luche, S., Rey, C.,
Aebersold, R., Benahmed, M., Louisot, P. and Lunardi, J. (2002)
J. Biol. Chem. 277, 19396–19401.
[52] Yang, K.-S., Kang, S.W., Woo, H.A., Hwang, S.C., Chae,
H.Z., Kim, K. and Rhee, S.G. (2002) J. Biol. Chem. 277, 38029–
38036.
[53] Woo, H.A., Chae, H.Z., Hwang, S.C., Yang, K.-S., Kang, S.W.,
Kim, K. and Rhee, S.G. (2003) Science 300, 653–656.
[54] Pedrajas, J.R., Kosmidou, E., Miranda-Vizuete, A., Gustafsson,
J.-A., Wright, A.P.H. and Spyrou, G. (1999) J. Biol. Chem. 274,
6366–6373.
